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Crystal structures and supramolecular features of 9,9-dimethyl-3,7-diazabicyclo[3.3.1]nonane-2, 4,6,8-tetraone, 3,7-diazaspiro[bicyclo[3.3 .1]-nonane-9,1 0 0 0 -cyclopentane]-2, 4,6,8-tetraone and 9-methyl-9-phenyl-3,7-diazabicyclo[3.3.1] NO represent 9, .1]nonane-2,4,6,8-tetraone derivatives with very similar molecular geometries for the bicyclic framework: the dihedral angle between the planes of the imide groups is 74.87 (6), 73.86 (3) and 74.83 (6) in (I)-(III), respectively. The dimethyl derivative (I) is positioned on a crystallographic twofold axis and its overall geometry deviates only slightly from idealized C 2v symmetry. The spiro-cyclopentane derivative (II) and the phenyl/ methyl analog (III) retain only internal C s symmetry, which in the case of (II) coincides with crystallographic mirror symmetry. The cyclopentane moiety in (II) adopts an envelope conformation, with the spiro C atom deviating from the mean plane of the rest of the ring by 0.548 (2) Å . In compound (III), an N-HÁ Á ÁO hydrogen bond is formed with the dimethylformamide solvent molecule. In the crystal, both (I) and (II) form similar zigzag hydrogen-bonded ribbons through double intermolecular N-HÁ Á ÁO hydrogen bonds. However, whereas in (I) the ribbons are formed by two trans-arranged O C-N-H amide fragments, the amide fragments are cis-positioned in (II). The formation of ribbons in (III) is apparently disrupted by participation of one of its N-H groups in hydrogen bonding with the solvent molecule. As a result, the molecules of (III) form zigzag chains rather than the ribbons through intermolecular N-HÁ Á ÁO hydrogen bonds. The crystal of (I) was a pseudomerohedral twin.
Chemical context
Diazabicyclononane-tetraones are used in the synthesis of the sparteine subgroup of lupine alcaloids (Norcross et al., 2008) and are precursors in obtaining 3,7-diazabicyclo[3.3.1]nonanes which have been studied in computer models as serine protease inhibitors (Vatsadze et al., 2016) . They also have value as building blocks in the design of other biologically active compounds (Kudryavtsev et al., 2014) , and in the synthesis of imaging agents for positron emission tomography (Medved'ko et al., 2016) . In addition, they are good chelating ligands for 3d transition metals (Vatsadze et al., 2005) including Cu (Vatsadze et al., 2014).
However, the crystal structures of this class of compounds have not been adequately characterized so far, as shown by a small number (eight) of similar structures found in the Cambridge Structural Database (CSD; Groom et al., 2016) . Moreover, their ability to form different supramolecular structures depending on the substituents at the 9-position in the heterocycle, which we report in this work, has not been not reported before. A search in the CSD for the substructure 3,7-diaza-2, 4,6,8-tetraoxobicyclo[3.3 .1]nonane yielded eight hits. Although there is a similarity in chemical structure of known related compounds (Horlein et al., 1981; Norcross et al., 2008) , their supramolecular features are significantly different because of the impact of substituents and solvatation.
In this work, we have synthesized three 9,9-disubstituted-3,7-diazabicyclo[3.3.1]nonane-2,4,6,8-tetraones and show how groups bound to C9 as well as the presence of solvate molecules affect their ability to form different hydrogen-bonding systems.
1098 Vatsadze et al. The molecular structure of (II). Displacement ellipsoids are shown at the 50% probability level. H atoms are presented as small spheres of arbitrary radius. The molecular structure of (III)ÁDMF. Displacement ellipsoids are shown at the 50% probability level. H atoms are presented as small spheres of arbitrary radius. Dashed line indicates the intramolecular N-HÁ Á ÁO hydrogen bond. (Figs. 1-3) . In general, the 3,7-diazabicyclo[3.3.1]nonane-2,4,6,8-tetraone skeleton exhibits idealized C 2v (mm2) symmetry. The molecule of (I), containing two 9-methyl substituents, occupies a special position on a twofold axis [C 2 (2)], and its geometry deviates only slightly from the perfectly symmetrical C 2v . As a result of the presence of spiro-9-cyclopentane [in the case of (II)] and 9-phenyl and 9-methyl [in the case of (III)] substituents, the overall symmetry of these molecules decreases to C s (m). However, in the crystal, the intrinsic C s symmetry remains only for the molecule of (II), which occupies a special position on a mirror plane. Compound (III) crystallizes as a dimethyl formamide monosolvate, with the main molecule occupying a general position.
Structural commentary
The two imide fragments in the molecules of (I)-(III) are almost planar (r.m.s. deviations are 0.013, 0.009 and 0.009/ 0.036 Å , respectively). The dihedral angles between the imide planes are 74.87 (6), 73.86 (3) and 74.83 (6) for (I)-(III), respectively. Moreover, the four carbonyl carbon atoms in (I)-(III) are each coplanar with r.m.s. deviations of 0.018, 0.000, and 0.031 Å , respectively; the bridged carbon atom lies by 1.854 (3), 1.846 (1), and 1.858 (2) Å , respectively, above this plane in (I)-(III). The cyclopentane substituent in (II) adopts an envelope conformation, with the C6 spiro-carbon atom deviating from the mean plane through the other ring atoms by 0.548 (2) Å .
Importantly, in (III) the main molecule forms a strong N7-H7Á Á ÁO5 hydrogen bond with the dimethyl formamide solvate molecule (Table 3 , Fig. 3 ).
Supramolecular features
In general, any compound of type (I)-(III) could form up to six intermolecular hydrogen bonds utilizing two hydrogenbond donor NH groups and four hydrogen-bond acceptor carbonyl oxygen atoms. In the literature, even the unsubstituted analogue (refcode GOHHER; Norcross et al., 2008) shows only four intermolecular hydrogen bonds involving both imide fragments of bispidintetraone with the formation of an infinite three-dimensional hydrogen-bonded network. If one of the nitrogen atoms is alkylated (for example, refcode BAHFIZ; Horlein et al., 1981) , the other one is involved in the formation of a doubly hydrogen-bonded dimer. When both nitrogen atoms are functionalized [refcodes JIMWUY (Hametner et al., 2007) , NAWLIH (Mereiter et al., 2014) , NAWLON et al., 2014) , PILXAK (Hametner et al., 2007) , XAZGAH (Blakemore, et al., 2005) ], no hydrogen-bonds are observed.
Despite the geometrical similarity of compounds (I)-(III), they form different supramolecular structures in the solid state. Thus, in the crystals of (I) and (II), the molecules form the zigzag hydrogen-bonded ribbons by double N-HÁ Á ÁO hydrogen bonds (Tables 1 and 2 
Synthesis and crystallization
The title compounds (I)-(III) were synthesized ( Fig. 7 ) according to the procedure described earlier (Schon et al., 1998) .
Dinitrile subproducts were obtained by adding 2-cyanoacetamide to the corresponding ketone [(I) -acetone, (II) -acetophenone, (III) -cyclopentanone] in ethanol at room temperature. Then, the dinitriles were heated to 393-413 K upon stirring in an acidic medium to complete dissolving. After 10-15 min, the mixture was poured into ice-water. The precipitated tetraoxo-compounds were filtered off by suction, recrystallized from ethanol solution and finally dried. Single crystals suitable for X-ray diffraction study were obtained by recrystallization of the crude products from DMF solution.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 4 . The hydrogen atoms of the amino groups were localized in the difference-Fourier maps and refined isotropically with fixed displacement parameters [U iso (H) = 1.2U eq (N)]. The other hydrogen atoms were placed in calculated positions with C-H = 0.95-1.00 Å and refined in the riding/rotating model with fixed isotropic displacement parameters [U iso (H) = 1.5U eq (C) for the CH 3 -groups and 1.2U eq (C) for the other groups]. The crystal of (I) was a pseudo-merohedral twin. The twin matrix is (1 0 0 0 1 0 0.775 0 1), and BASF = 0.180 (1).
Figure 7
Synthesis of (I)-(III) from 2-cyanoacetamide and ketones. Table 1 Hydrogen-bond geometry (Å , ) for (I).
Symmetry code: (i) Àx þ 1; Ày; Àz þ 1. Table 2 Hydrogen-bond geometry (Å , ) for (II). (14) 2.021 (14) 2.8718 (11) 173.7 (13) Symmetry code: (i) Àx þ 1; Ày; Àz þ 1. Table 3 Hydrogen-bond geometry (Å , ) for (III). Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refined as a 2-component twin. 
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